Aim: To investigate the mechanisms underlying the isomer-selective distribution of 3-n-butylphthalide (NBP) hydroxylated metabolites, 3-hydroxy-NBP (3-OH-NBP) and 10-hydroxy-NBP (10-OH-NBP), across the blood brain barrier (BBB). Methods: After oral administration of NBP (20 mg/kg) to rats, the pharmacokinetics of two major hydroxylated metabolites, 3-OH-NBP and 10-OH-NBP, in plasma and brains were investigated. Plasma and brain protein binding of 3-OH-NBP and 10-OH-NBP was also assessed. To evaluate the influences of major efflux transporters, rats were pretreated with the P-gp inhibitor tariquidar (10 mg/kg, iv) and BCRP inhibitor pantoprazole (40 mg/kg, iv), then received 3-OH-NBP (12 mg/kg, iv) or 10-OH-NBP (3 mg/kg, iv). The metabolic profile of NBP was investigated in rat brain homogenate. Results: After NBP administration, the plasma exposure of 3-OH-NBP was 4.64 times that of 10-OH-NBP, whereas the brain exposure of 3-OH-NBP was only 11.8% of 10-OH-NBP. In the rat plasma, 60%±5.2% of 10-OH-NBP was unbound to proteins versus only 22%±2.3% of 3-OH-NBP being unbound, whereas in the rat brain, free fractions of 3-OH-NBP and 10-OH-NBP were 100%±9.7% and 49.9%±14.1%, respectively. In the rats pretreated with tariquidar and pantoprazole, the unbound partition coefficient K p,uu of 3-OH-NBP was significantly increased, while that of 10-OH-NBP showed a slight but not statistically significant increase. Incubation of rat brain homogenate with NBP yielded 3-OH-NBP but not 10-OH-NBP. Conclusion: The isomer-selective distribution of 10-OH-NBP and 3-OH-NBP across the BBB of rats is mainly attributed to the differences in plasma and brain protein binding and the efflux transport of 3-OH-NBP. The abundant 10-OH-NBP is not generated in rat brains.
Introduction

3-n-Butylphthalide (NBP, (±)-3-butyl-1(3H)-isobenzofuranone)
is an oral agent used for the treatment of cerebral ischemia. Racemic NBP was approved for marketing in China by the Chinese Food and Drug Administration (CFDA) in 2004 [1, 2] . Pharmacological studies have revealed that NBP exerts neuroprotective effects by increasing blood flow in the cerebral ischemic area and inhibiting the release of 5-hydroxytryptamine, glutamate and cytochrome c through the c-Jun N-terminal kinase pathway [3] [4] [5] [6] . Recent studies have also demonstrated that NBP attenuates oxidative stress and improves neutral morphology after chronic cerebral ischemia [7] . We previously reported that NBP undergoes extensive metabolism in humans after a single dose of 200 mg NBP in soft capsules [8] . The major circulating metabolites found were 3-hydroxy-NBP (3-OH-NBP), 10-hydroxy-NBP (10-OH-NBP), 10-keto-NBP (10-CO-NBP), and NBP-11-oic acid [8, 9] . The areas under the concentration-time curves (AUC) for 3-OH-NBP and 10-OH-NBP were 2.9 and 10.3 times greater, respectively, than that of NBP [9] . Because NBP is used to treat cerebral diseases, we also attempted to study the metabolite profile of NBP in rat brain. If the cerebral metabolite(s) possess greater or comparable pharmacological activities to NBP, the metabolite(s) could be developed as a new drug for treating cerebral ischemia. Indeed, some novel antiplatelet agents that are structurally based on NBP were reported to be superior to NBP and represent promising treatments for thrombosis-related ischemic stroke [10] . Preliminary studies of NBP metabolites revealed that the exposure (AUC) of 3-OH-NBP was 4.64 times greater than that 1521 www.chinaphar.com Diao XX et al Acta Pharmacologica Sinica npg of 10-OH-NBP in rat plasma, whereas the exposure of 3-OH-NBP was only 11.8% that of 10-OH-NBP in rat brain. These findings indicate that 10-OH-NBP has a much greater ability to penetrate the blood-brain barrier (BBB) than 3-OH-NBP. This raises the question regarding what factors contribute to the unique distribution of 3-OH-NBP and 10-OH-NBP in rat plasma and brain.
Xenobiotic distribution to the brain is limited by the BBB, which acts as a self-defense mechanism that prevents drugs from entering [11] . The BBB expresses a number of effluxtransporters such as P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) and uptake transporters including OATP1A2 and 2B1 [12, 13] . If active efflux and/or uptake transporters are involved in the distribution of 3-OH-NBP and 10-OH-NBP in the brain, these profiles might be isomerselective. P-gp-mediated efflux transport across the BBB was reported to be responsible for enantiomer-selective brain penetration of cetirizine [14, 15] . In addition to active transport, protein binding in plasma and the brain also significantly affects the distribution of drugs to the brain [11] . It is believed that only small molecules with molecular weights of less than 400-600 Da may diffuse across the BBB, allowing them to act as effective neuropharmaceuticals [16, 17] . Hence, only free unbound molecules can penetrate the BBB; 3-OH-NBP and 10-OH-NBP bound to plasma proteins would be blocked by the BBB. Plasma protein binding and brain protein binding have opposite effects on the penetration of molecules across the BBB. Greater plasma protein binding reduces the free fraction of molecules that can be exposed to the BBB, whereas greater brain protein binding facilitates equilibrium toward diffusing across the BBB. Other factors may also contribute to the distinct distribution of 3-OH-NBP and 10-OH-NBP, such as potential isomer-selective metabolism of NBP in rat brain.
In the present study, we aimed to elucidate the mechanism (s) underlying the unique distributions of 3-OH-NBP and 10-OH-NBP in rat plasma and brain, and provide a basis for developing novel anti-cerebral ischemic agents using the NBP structure as a potential foundation.
Materials and methods
Materials NBP was kindly provided by the Shijiazhuang Pharmaceutical Company (Shijiazhuang, Hebei, China). 3-OH-NBP, d 4 -3-OH-NBP, 10-OH-NBP, and d 4 -10-OH-NBP were synthesized as previously described with some modifications [18, 19] . Tariquidar was purchased from J&K Scientific (Beijing, China). Pantoprazole was kindly provided by Jiangsu Chia-Tai Tianqing Pharmaceutical Co, Ltd (Nanjing, Jiangsu, China).
Animals
Male Sprague-Dawley (SD) rats (180-220 g, 8-9 weeks old) were provided by the Animal Center of Shanghai Institute of Materia Medica, Chinese Academy of Sciences (Shanghai, China). Animals were kept in a specific pathogen-free room maintained at 25 °C with humidity of 50%±10% and a 12-h dark/light cycle. Rats had free access to water and food throughout the studies. All rats were kept for one week to acclimate to the environment and were fasted overnight the day before the experiments. All study protocols were approved by the Animal Ethics Committee of Shanghai Institute of Materia Medica, Chinese Academy of Sciences (Shanghai, China), and the welfare of the rats received the highest consideration during the study.
Identification of NBP metabolites in rat brain and plasma SD rats (n=3) were orally administered 60 mg/kg NBP dissolved in soybean oil. The rats were euthanized 1 h after drug administration, and blood and brain tissue samples were collected. Plasma samples were obtained by centrifuging the blood at 3500×g for 5 min. Then, 100 μL of plasma was precipitated by adding 300 μL acetonitrile, vortexed for 1 min, and centrifuged at 11 000×g for 5 min. The supernatant was dried under nitrogen at 40 °C and reconstituted in 100 μL of methanol and 5 mmol/L ammonium acetate (10:90, v/v). Brain tissue samples were homogenized in 5 volumes of methanol (1 g of tissue in 5 mL of methanol). Then, 100 μL of the brain homogenate was pretreated as described for plasma. Next, 10 μL of the reconstituted brain or plasma samples was subjected to ultraperformance liquid chromatography-ultraviolet-quadrupole/ time-of-flight mass spectrometry (UPLC-UV-Q/TOF MS; Waters, Milford, MA, USA) analysis, as described in our previous study [8, 20] . The UV wavelength was set at 230 nm.
Pharmacokinetics of 3-OH-NBP and 10-OH-NBP in rat plasma and brain To elucidate the disproportional distribution of 3-OH-NBP and 10-OH-NBP inside and outside the BBB, we quantitatively determined the pharmacokinetics of 3-OH-NBP and 10-OH-NBP in rat plasma and brain. SD rats (n=21, 180-220 g) were randomly divided into 7 groups with 3 rats in each group. Each rat was orally administered 20 mg/kg NBP dissolved in soybean oil. The rats were euthanized at 0.25, 0.5, 1, 2, 4, 8, or 24 h after drug administration, and blood and brain tissue were collected. Plasma samples were obtained by centrifuging the blood at 3500×g for 5 min, and brain tissue was homogenized in 5 volumes of methanol (1 g of tissue in 5 mL of methanol). Next, we added 100 μL of an internal standard (IS) solution (600 ng/mL d 4 -3-OH-NBP for 3-OH-NBP and 300 ng/mL d 4 -10-OH-NBP for 10-OH-NBP) to 100 μL of the plasma or brain homogenate. The samples were deproteinized with 200 μL acetonitrile, and the precipitate was removed by centrifugation at 11 000×g for 5 min. The supernatant was dried under nitrogen at 40 °C and reconstituted in 100 μL of methanol/acetonitrile/5 mmol/L ammonium acetate (1:2:9, v/v/v). Finally, 10 μL of the reconstituted solution was analyzed by LC-MS/MS. The concentrations of 3-OH-NBP and 10-OH-NBP were determined using a Shimadzu LC-20AD HPLC system (Kyoto, Japan) coupled to an API4000 triple quadrupole MS (Sciex, Ontario, Canada) that was equipped with a TurboIonSpray ion source. Chromatographic separation was achieved on a Zorbax XDB- Acta Pharmacologica Sinica npg C 18 column (50×4.6 mm, id, 1.8 µm; Agilent, Santa Clara, CA, USA) under gradient elution as previously described [9] . The MS was operated in the negative-positive switch mode: 0-3.5 min, (−)ESI for 3-OH-NBP and (+)ESI for 10-OH-NBP from 3.5-8.0 min. In the (−)ESI mode, the MS parameters were as follows: curtain gas, 10 psi; nebulizer gas (GS1), 40 psi; turbo gas (GS2), 40 psi; ion spray voltage, −3500 V; declustering potential, −50 V; and source temperature, 400 °C. In the (+)ESI mode, the MS parameters were as follows: curtain gas, 10 psi; GS1, 40 psi; GS2, 40 psi; ion spray voltage, +4200 V; declustering potential, 33 V; and source temperature, 400 °C. NBP metabolism in rat brain homogenate An untreated SD rat was euthanized and blank brain homogenate was prepared by homogenizing brain tissue in 5 volumes of 100 mmol/L phosphate-buffered saline (PBS; 1 g of tissue in 5 mL of PBS). The metabolism of NBP was investigated by incubating the blank brain homogenate with NBP in the presence of the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH). The incubation mixture contained freshly prepared brain homogenate (50 μL), NADPH (2.0 mmol/L), and NBP (50 µmol/L) in a total volume of 200 μL. After 1 h of incubation at 37 °C, the mixture was quenched with an equal volume of ice-cold acetonitrile. Next, 100 μL of the sample was treated as described in "Identification of NBP metabolites in rat brain and plasma," and UPLC-UV-Q/TOF MS was used to identify the metabolites of NBP.
Plasma and brain protein binding of 3-OH-NBP and 10-OH-NBP Authentic plasma samples (2 samples at 0.5 h and 2 samples at 2 h) from "Pharmacokinetics of 3-OH-NBP and 10-OH-NBP in rat plasma and brain"were used to determine the plasma protein binding of 3-OH-NBP and 10-OH-NBP. The protein binding ratio was evaluated using the commonly used ultracentrifugation method [21, 22] . All four samples were incubated in a water bath at 37 °C for 0.5 h and then centrifuged at 100 000×g for 16 h at 37 °C. The concentrations of 3-OH-NBP and 10-OH-NBP in the supernatant were determined by LC-MS/MS, and the unbound fraction (f u,pl ) was calculated as Equation (1):
where pl, conc, sup, and tot represent plasma, concentration, supernatant, and total, respectively. To elucidate brain protein binding, fresh brain tissue was homogenized in 5 volumes of 100 mmol/L PBS (1 g of tissue in 5 mL of PBS) and was used as the matrix. A stock solution of 3-OH-NBP or 10-OH-NBP (1 mg/mL in methanol) was added to blank brain homogenate to final concentrations of 1000 and 200 ng/mL, respectively. The final concentration of methanol in the samples was <0.1% (v/v). The samples were incubated in a water bath at 37 °C for 0.5 h. Then, half of the sample was transferred to a new tube and frozen at −80 °C until analysis. The other half was centrifuged at 100 000×g for 16 h at 37 °C. The concentrations of 3-OH-NBP or 10-OH-NBP in the supernatants and frozen samples were determined by LC-MS/MS as described in "Pharmacokinetics of 3-OH-NBP and 10-OH-NBP in rat plasma and brain." The unbound fraction in brain homogenate (f u,hom ; hom, homogenate) was calculated as Conc sup /Conc tot , as described for f u,pl of plasma in Equation (1) . Assuming there is a nonspecific binding relationship between the drug and tissue, the unbound fraction in non-diluted brain tissue (f u,br ; br, brain) can be recalculated from the measured f u in brain homogenate (ie, f u,hom ) by adjusting the dilution factor (D f ) with Equation (2) [23, 24] :
Intravenous administration of 3-OH-NBP and 10-OH-NBP SD rats were randomly divided into 2 groups with 15 rats in each group. 3-OH-NBP and 10-OH-NBP were dissolved together in 5% DMSO and 95% of 40% β-cyclodextrin (40 g β-cyclodextrin in 100 mL of water). The control group (n=15) was intravenously administered 3-OH-NBP (12 mg/kg) and 10-OH-NBP (3 mg/kg). Rats were euthanized at 0.25, 0.5, 1, 3, and 6 h (3 rats per time point) after drug administration, and blood and brain tissue were collected. The experimental group (n=15) was intravenously administered the P-gp inhibitor tariquidar (10 mg/kg) and the BCRP inhibitor pantoprazole (40 mg/kg) 30 min before the intravenous administration of 3-OH-NBP (12 mg/kg) and 10-OH-NBP (3 mg/kg). Rats were treated and euthanized as described for the control group. The concentrations of 3-OH-NBP and 10-OH-NBP were determined using LC-MS/MS as described in "Pharmacokinetics of 3-OH-NBP and 10-OH-NBP in rat plasma and brain." The K p,uu value was calculated for each time point using Equation (3):
Basic relationships The brain distribution of 3-OH-NBP and 10-OH-NBP was assessed using three different partition coefficients, K p , K p,u , and K p,uu [11] . The partition coefficient K p was calculated with Equation (4):
where AUC tot,br,0-t and AUC tot,pl,0-t are AUC for the total concentration in the brain and plasma, respectively. To compensate for differences in plasma protein binding, the partition coefficient K p,u was used and was calculated with Equation (5):
where AUC u,pl,0-t is the AUC of the unbound concentration in plasma and was determined as AUC tot,pl,0-t ×f u,pl ; f u,pl , which is the unbound fraction in plasma. The ratio of the area under the unbound brain concentration-time profile (AUC u,br,0-t ) and the area under the unbound plasma concentration-time profile (AUC u,pl,0-t ) was also used to compensate for binding within the brain. Analogous to 1523 www.chinaphar.com Diao XX et al Acta Pharmacologica Sinica npg the partition coefficients described above, this ratio is named the unbound partition coefficient, K p,uu , and directly describes equilibrium across the BBB [25, 26] K p,uu =AUC u,br,0-t /AUC u,pl,0-t (6) where AUC u,br,0-t =AUC tot,br,0-t ×f u,br , and f u,br is the unbound fraction of the drug in brain tissue.
Statistical analysis SPSS software (Statistical Package for the Social Sciences version 16.0 for Windows; SPSS Inc, Chicago, IL, USA) was used to determine significant differences between experimental groups using unpaired two-tailed Student's t-test. Differences of P<0.05 was considered statistically significant. The results are presented as the mean±SD.
Results
Identification of NBP metabolites in rat plasma and brain UPLC-UV-Q/TOF MS analysis revealed 3 major metabolites in rat plasma at 1 h after oral administration of 60 mg/kg NBP. These metabolites were 10-CO-NBP, 3-OH-NBP, and 10-OH-NBP ( Figure 1A ). These three metabolites were also observed in rat brain in addition to the parent drug NBP ( Figure 1B) . It is interesting to note that the distribution of 3-OH-NBP and 10-OH-NBP in rat plasma and brain are truly unique. In rat plasma, the UPLC-UV peak area of 3-OH-NBP was approximately 3 times greater than that of 10-OH-NBP. However, in rat brain homogenate, the UPLC-UV peak area of 3-OH-NBP was small, accounting for just 11% that of 10-OH-NBP.
Pharmacokinetics of 3-OH-NBP and 10-OH-NBP in rat plasma and brain 3-OH-NBP and 10-OH-NBP concentrations in rat plasma and brain homogenate were determined after oral administration of 20 mg/kg NBP to rats. In rat plasma, the concentrations of 3-OH-NBP and 10-OH-NBP reached their peaks at 0.5-1.0 h after the dose (Figure 2A ). The maximum concentration (C max ) of 3-OH-NBP was 1472±358 ng/mL, and the C max of 10-OH- Figure 2B , the C max of 3-OH-NBP was only 47.9±29.8 ng/g, whereas the C max of 10-OH-NBP was 213±160 ng/g. The AUC tot,br,0-24h of 3-OH-NBP (130±44 ng·g -1 ·h) was 11.8% that of 10-OH-NBP (1101±351 ng·g -1 ·h). To more clearly see the differences between 3-OH-NBP and 10-OH-NBP, we reorganized the data in plasma and brain homogenate in terms of the target molecules. As shown in Figure 3A , the K p (AUC tot,br,0-24h /AUC tot,pl,0-24h ) value for 3-OH-NBP was 0.022, whereas the K p value for 10-OH-NBP was 0.88 ( Figure 3B ), which indicates that the concentration of 10-OH-NBP was similar inside and outside the BBB, and the concentration of 3-OH-NBP was much lower inside the BBB than outside. The K p value of 10-OH-NBP was 39.8 times greater than that of 3-OH-NBP (Figure 4 ), suggesting that 10-OH-NBP can easily cross the BBB into the brain compared to 3-OH-NBP.
Metabolism of NBP in the brain homogenate
After incubation of NBP in rat brain homogenate, 3-OH-NBP was detected as a major metabolite ( Figure 5) ; on the contrary, 10-OH-NBP was not detected. This result excluded the possibility that abundant 10-OH-NBP in rat brain was generated by NBP metabolism in the brain.
Plasma and brain protein binding of 3-OH-NBP and 10-OH-NBP
Ultracentrifugation was used to evaluate the plasma and brain protein binding ratios of 3-OH-NBP and 10-OH-NBP. The results indicated that most of the 3-OH-NBP was bound to rat plasma proteins, and only 22%±2.3% of the circulating concentration was unbound. In rat brain homogenate, all 3-OH-NBP (100%±9.7%) was unbound.
For 10-OH-NBP, the protein-binding properties differed from those of 3-OH-NBP. Overall, 60%±5.2% of 10-OH-NBP was unbound in rat plasma, whereas in rat brain homogenate, 82%±8.3% of 10-OH-NBP was unbound. The unbound fraction of non-diluted brain tissue recalculated from f u in brain homogenate was 49.9%±14.1% using Equation (2) .
After accounting for the unbound fraction, the AUC ratio of unbound 3-OH-NBP to unbound 10-OH-NBP decreased from 4.64-fold to 1.70-fold in rat plasma and increased from 11.8% to 24% in rat brain.
The K p , K p,u , and K p,uu values for 3-OH-NBP were 0.022±0.004, 0.101±0.017, and 0.101±0.017, respectively. The correspond- Figure 4 , the K p ratio of 10-OH-NBP to 3-OH-NBP was 39.8. After considering plasma protein binding, the K p,u ratio of 10-OH-NBP to 3-OH-NBP reduced dramatically to 14.6. Furthermore, after considering brain protein binding, the K p,uu ratio of 10-OH-NBP to 3-OH-NBP decreased to 7.2.
Intravenous administration of 3-OH-NBP and 10-OH-NBP After intravenous administration of 3-OH-NBP and 10-OH-NBP, we calculated the K p,uu at each time point. As shown in Figure 6A , the K p,uu of 3-OH-NBP was between 0.08 and 0.15 in the control group. However, in the group pre-treated with P-gp and BCRP inhibitors, the K p,uu of 3-OH-NBP significantly increased to 0.20, 0.41, and 0.40 at 0.25, 0.5, and 1.0 h, respectively (P<0.01). As shown in Figure 6B , the K p,uu of 10-OH-NBP was between 0.44 and 1.11 in the control group. Preadministration of P-gp and BCRP inhibitors increased the K p,uu at each time point, however the values were not significantly different from those in the control group except at 0.5 h.
Discussion
NBP is used for the treatment of cerebral ischemia. In our previous study investigating the metabolites of NBP in rat brain, we observed the following interesting phenomena: in rat plasma, exposure of 3-OH-NBP was 4.64 times greater than that of 10-OH-NBP, but exposure of 3-OH-NBP accounted for only 11.8% of 10-OH-NBP in rat brain. In the current study, we attempted to elucidate the mechanisms underlying this unique distribution of 3-OH-NBP and 10-OH-NBP across the BBB. There are several hypotheses that may help to explain the marked differences in the distribution of 3-OH-NBP and 10-OH-NBP: (1) after NBP crosses the BBB, it is preferentially metabolized to 10-OH-NBP instead of 3-OH-NBP; (2) the plasma protein binding of 3-OH-NBP is much greater than that of 10-OH-NBP, lowering the unbound fraction of 3-OH-NBP and therefore reducing its exposure to the BBB; (3) the brain protein binding of 10-OH-NBP is greater than that of 3-OH-NBP, facilitating the equilibrium of unbound 10-OH-NBP towards penetrating the BBB; (4) efflux transporters prevent 3-OH-NBP from crossing the BBB.
First, we investigated the metabolic profile of NBP with freshly prepared rat brain homogenate. Surprisingly, we found that NBP was preferentially metabolized to 3-OH-NBP; 10-OH-NBP was not detected in the homogenate incubation. This is in direct contrast to our hypothesis. The results exclude the likelihood that the abundant 10-OH-NBP detected in rat brain tissue was generated by the metabolism of NBP in the brain.
Then, we evaluated the plasma and brain tissue protein binding properties of 3-OH-NBP and 10-OH-NBP. The vast difference in the ability of these two molecules to cross the BBB is represented by the difference in the K p values. The K p ratio of 10-OH-NBP to 3-OH-NBP was 39.8, indicating that 10-OH-NBP possesses much higher permeability. After incorporating plasma protein binding into the K p value, we obtained the K p,u . The plasma protein binding of 3-OH-NBP and 10-OH-NBP behaved in an isomer-selective manner. The K p,u ratio of 10-OH-NBP to 3-OH-NBP was 14.6. Furthermore, K p,uu also accounts for binding to brain components. The K p,uu ratio of 10-OH-NBP to 3-OH-NBP was 7.2. Therefore, it is clear that the dramatic decrease in values from K p to K p,u to K p,uu was driven by differences in plasma and brain protein binding between 10-OH-NBP and 3-OH-NBP. The difference in plasma protein binding was also reported to be responsible for the stereoselective brain penetration of cetirizine [11] , disopyramide [27] , and propranolol [28] enantiomers. K p,uu , calculated from the free concentrations of molecules inside and outside the BBB, represents equilibrium across the BBB [11] and is independent of blood and brain protein binding [29] . The K p,uu value is indicative of the involvement of molecular active transport across the BBB. A K p,uu value >1.0 represents uptake across the BBB, whereas a K p,uu value <1.0 represents efflux transport [29] . The K p,uu values of 3-OH-NBP and 10-OH-NBP were 0.10 and 0.72, respectively, indicating that efflux transporters may be involved in the transport of these molecules. In our preliminary studies, we investigated whether 3-OH-NBP was a substrate of P-gp or BCRP in P-gpand BCRP-overexpressing MDCK (Madin-Darby canine kidney) cell lines. The ER (efflux ratio) was approximately 1.4 and was not significantly different from the control group.
We cannot yet rule out that 3-OH-NBP is not a P-gp or BCRP substrate because 3-OH-NBP has high membrane permeability (4.4-8.7×10
-6 cm/s). It is usually difficult to confirm whether a highly permeable compound is a P-gp or BCRP substrate in vitro [30] , and thus, we directly investigated the effect of P-gp/ BCRP inhibitors on the 3-OH-NBP distribution in rats that The K p,uu values at 3 h and 6 h were very similar to those in the control group, most likely because the inhibitors were eliminated from circulation [31, 32] . Unlike 3-OH-NBP, the K p,uu value for 10-OH-NBP was only slightly increased as a result of prior administration of P-gp and BCRP inhibitors, which implies that weak efflux is involved in the transport of 10-OH-NBP; however, the K p,uu values were not significantly different from those in the control group, except at 0.5 h.
These results suggest that 3-OH-NBP is a much stronger substrate than 10-OH-NBP for the P-gp and BCRP efflux transporters across the BBB. The efflux transporters of P-gp and BCRP have many overlapping substrates, such as imatinib [33] , sorafenib [34] , and lapatinib [35] . Within the BBB, P-gp and BCRP work together and prevent xenobiotics from entering the brain. This synergistic effect was also observed for the efflux of lapatinib [35] , imatinib [36] , vandetanib [37] , and regorafenib [38] . In addition to P-gp and BCRP, multidrug resistance protein 4/5 (MRP4/5), another major efflux transporter in the BBB endothelium, is drawing increasing attention in recent years [39] [40] [41] . Although administration of P-gp and BCRP inhibitors increased the K p,uu value of 3-OH-NBP to approximately 0.4, it was still <1.0. These findings suggest that the efflux transporters were not completely inhibited. It is also possible that 3-OH-NBP is a substrate for other efflux transporters, such as MRP4 and/or MRP5, which needs further investigation.
In conclusion, our study demonstrated that the isomerselective distribution of 3-OH-NBP and 10-OH-NBP across the BBB was mainly caused by plasma and brain protein binding differences and the efflux transport of 3-OH-NBP. We also excluded the possibility that high exposure of 10-OH-NBP was generated by the metabolism of NBP in the rat brain.
